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Abstract 
In this paper, the mechanistic cutting forces for thread milling of the ISO metric screw thread are predicted. The force 
model is composed of surface and edge force components. The cutting edge is modelled from the geometry of the 
milling cutter, including the helix angle and thread tooth profile. 
To determine the specific cutting force coefficients for surface and edge force components, the cutting forces are 
measured with a dynamometer along a horizontal linear path and compared with the calculated force by means of the 
exact uncut chip thickness which results from the modelling of chip volume per tooth at a prescribed time on the 
thread milling cutter. The run-out errors are considered to estimate the uneven cutting force distribution for each tooth. 
The measured cutting forces for the brass workpiece material (CuZn37) for a linear path shows quite good agreement 
with the simulated cutting forces. The results indicate that the proposed cutting force model for thread milling can be 
used in order to adapt cutting parameters, such as feed per tooth and axial depth of cut for the purpose of increasing 
productivity in practical application. 
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Nomenclature 
ܽ௘ The radial depth of a cut n The number of rotation [rev/min] 
ܽ௣ The axial depth of a cut P pitch of thread 
ܾ Uncut chip width [mm] ݎ௡ Cutting edge roundness [mm] 
Δz Discrete incremental length along tool axial direction ܴ Tool radius  
D Tool diameter ݒ௙ Feed [mm/min] 
ܨ Cutting force [N] ܺௐ௉ X axis in workpiece coordinate system 
ܨ௧ Cutting force in tangential direction at a point along 
cutting edge[N/mm2] 
ௐܻ௉ Y axis in workpiece coordinate system 
ܨ௥ Cutting force in radial direction at a point along 
cutting edge[N/mm2] 
ܼௐ௉ Z axis in workpiece coordinate system 
ܨ௔ Cutting force in axial direction at a point along 
cutting edge[N/mm2] 
z The number of flutes 
௭݂ Feed per tooth [mm/min] z Tool height from tool tip 
݄ Uncut chip thickness [mm] ߣ Helical angle measured from the tool axis 
ܭ௖ Specific cutting force coefficient [N/mm2] ߮ Instantaneous immersion angle of a flute 
bottom [rad] (measured from ࢅ்௅ axis) 
ܭ௘ Specific cutting edge force coefficient [N/mm2]   
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1. Introduction 
Thread-milling is a method for producing a screw 
thread by a milling operation. There are many 
alternatives of generating threads, like tapping, turning, 
forming, or other forms of threading. However, because 
of diversity and complexity of parts, as well as flexibility 
of the process in industries such as biomedical 
applications, aerospace, and die-mold manufacturing, 
thread milling has become quite popular in recent years. 
At thread milling one of the technical issues is to 
control the cutting forces. Because the cutting values 
which the tool makers recommend are given 
conservatively, as usual, there is sufficient room for 
increasing (or optimizing) cutting parameter values in 
order to enhance the performance of the cutters. 
However, few research on predicting cutting forces of 
thread-cutters has been conducted in the literature 
[1],[2]. 
In this work, we propose a cutting force model for 
thread milling operation beginning with its geometric 
aspects. 
2. Geometric Aspects of the Thread Milling 
To perform a thread milling operation, a helical 
interpolation movement is required. Helical interpolation 
is a CNC function producing tool movement along a 
helical path. This helical motion combines circular 
movement in a plane (x, y coordinate) with a 
simultaneous linear motion perpendicularly to the work 
plane. 
2.1. Geometry of a thread-cutter 
A thread-cutter is a kind of form-cutting tools whose 
profile should be embedded in the tool so that exactly 
the same or slightly distorted profiles are mapped in the 
workpiece through a simple tool trajectory, like linear, 
circular, or helical movements [3]. Because the profiling 
of form-cutting tools is another complex research topic 
[4],[5], in this paper it is assumed that the profile of the 
cutter has already been grounded for the purpose of 
adequate thread milling operation. 
Fig. 1 shows such geometry of a thread-cutter whose 
profile has already been specified for milling an 
internal/external M24 thread. This profile is the 
sequence of identical trapezoidal contours which will be 
termed “indentation” hereafter and are repeatedly 
arranged at the lateral side of the tool. 
Furthermore, it has right-handed grooves with the helix 
angle λ, which is measured from the tool axis to provide 
stable cutting condition and proper chip transportation. 
 
Fig. 1. Geometry of thread-cutter  
2.2. Kinematics of thread milling 
Because the disk-like indentations are arranged along 
the tool periphery, the helical surface of the thread is 
realized by the helical movement of the thread-cutter. 
Fig. 2 shows the complete cycles of the internal 
thread milling operation. At the beginning, the thread 
cutter with the fixed tool axis plunges into the hole 
which has been prepared by a boring process (Fig. 2(a)). 
Prior to the full thread milling, the rotating cutter 
approaches the full depth (D) of the thread along a half 
or a quarter helical tool path (see Fig. 2(b) and Fig. 4). 
Then, the actual thread-cutting takes place, using the full 
helical tool path with a pitch P (see Fig. 2(c) and Fig. 4). 
 
      (a)               (b)              (c)             (d)              (e) 
Fig. 2. Kinematics of the thread operation. 
As a counterpart of the approaching path, the cutter 
retracts from the full depth of the thread to the center of 
helix angle λ
cutting edge
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the hole using a half or a quarter helical tool path (Fig. 
2(d)). At the end, the tool escapes the hole by jumping 
vertically (Fig. 2(e)). 
 
The milling of the external thread is carried out at the 
cylindrical tap in a similar manner of the internal thread 
milling. 
3. Force Model of the Thread Milling 
3.1. Modeling of the cutting edge  
In comparison with end-mills the cutting edge of a 
thread-cutter has the indentations located with the 
vertical spacing P, which is same with the pitch of the 
thread to be machined. Each indentation has the upper, 
middle, and lower cutting edges (see Fig. 3). 
Furthermore, the inner cutting edge exists, which does 
not take part in engagement as usual. 
 
Fig. 3. Geometry of cutting edge. 
In principle, the profile of the thread cutter for the ISO 
metric screw thread is defined with five geometric 
parameters [6] (Fig. 4): 
x the inner diameter of the cutter ܦଵ 
x the outer diameter ܦ 
x the extended inner diameter ܦ௜  
x the extended outer diameter ܦ௢ 
x the flank angle ߦ 
While the values ܦ, ܦଵ are the nominal values of the 
cutter, the exact values of ܦ௜ , ܦ௢  and ߦ  are to be 
measured using measurement equipment. One can, 
however, use the values approximately, where ܦ௢ and ܦ௜  
are defined as follows in ISO (see Fig. 4) [6]. 
 
ܦ௢ ൌ ܦ ൅
ܪ
Ͷ  (1) 
ܦ௜ ൌ ܦை െ ʹܪ (2) 
where the value H is the height of the fundamental right 
triangle whose edge distance amounts to P. 
 
 
Fig. 4. Definition of cutting edge profile. 
The simplified profile according to Araujo [1] can be 
described as in Eq.(3). ݎ௏ሺݖሻ is the radius of simplified 
cutter profile (see Fig. 4, red line). 
ݎ௏ሺݖሻ ൌ
ە
ۖۖ
۔
ۖۖ
ۓܦ௜
ʹ ൅
ݖ െ ݊ݐሺݖሻ ή ܲʹ
 ߦʹ
ǡ ݂݋ݎ݁ݒ݁݊݊ݐሺݖሻ
ܦ௢
ʹ െ
ݖ െ ݊ݐሺݖሻ ή ܲʹ
 ߦʹ
ǡ  ݂݋ݎ݋݀݀݊ݐሺݖሻ

ݓ݄݁ݎ݁݊ݐሺݖሻ ൌ ܫ݊ݐ݁݃݁ݎܲܽݎݐ ൬ʹݖܲ ൰ 
(3) 
Extending Eq.(3) by the condition that ܦ  and ܦଵ 
should be neither overrun nor underrun, the more precise 
cutter profile is defined by Eq.(4). 
ݎሺݖሻ ൌ
ۖە
۔
ۖۓܦ௜ʹ ǡ ݂݋ݎݎ௏ሺݖሻ ൏
ܦ௜
ʹ
ܦ௢
ʹ ǡ ݂òݎݎ௏ሺݖሻ ൐
ܦ௢
ʹ
ݎ௏ሺݖሻǡ ݋ݐ݄݁ݎݓ݅ݏ݁
 (4) 
From the fact that the thread-cutter has grooves with 
the helix angle λ, the two-dimensional profile defined in 
Eq.(4) should be transformed along the helix (see Fig. 
1). Eq.(5) is the final description of the cutter surface 
including the cutting edge (see Fig. 3). The factor q is 
introduced to describe the handedness of the tool groove. 
 
indentation 1
indentation 2
upper edge
middle edge
lower edge
inner edge cutting edge
cutter surface S(z,φ)
D D1     Do                  Di
H/4
H/8
ξ
P
z
H=√3/2∙P
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ܵሺݖǡ ߮ሻ ൌ ቆ
ݔ
ݕ
ݖ
ቇ ൌ ቌ
ݎሺݖሻ ή ൫ݍ ή ߮஽ሺݖǡ ߮ሻ൯
ݎሺݖሻ ή ൫ݍ ή ߮஽ሺݖǡ ߮ሻ൯
ݖ
ቍ 
where 
߮஽ሺݖǡ ߮ሻ ൌ ߮ െ ଶ஽ή୲ୟ୬ሺଽ଴ιିఒሻ ή ݖ, 
ݍ ൌ ൜െͳǡ ݂݋ݎݎ݄݅݃ݐǦ݄ܽ݊݀݁݀ܿݑݐݐ݅݊݃݁݀݃݁ͳǡ ݂݋ݎ݈݂݁ݐǦ݄ܽ݊݀݁݀ܿݑݐݐ݅݊݃݁݀݃݁  
(5) 
3.2. Modeling of the uncut chip volume  
The exact calculation of uncut chip thickness per tooth is 
the crux of the analytic mechanistic cutting force model. 
However, the chip thickness is calculated approximately 
in most of the research [7],[8] since the tool geometry 
and the movement of the tool during multi-axis 
machining is complicated [9]. Fromentin and Poulachon 
formulate the problem of calculating uncut chip 
thickness for thread milling analytically in Ref. [10]. 
The uncut chip volumes per tooth of the thread cutter are 
built by the helical movement of the cutter (Fig. 5, 
below). One can see the different uncut chip thicknesses 
which are cut by the upper and lower cutting edge 
resulting from the helical tool movement. 
The in-process workpiece is calculated by using 
thread milling simulation [3],[11]. The Boolean 
intersection of the tool body located in the actual 
position and the in-process workpiece yields a current 
chip volume per tooth [12],[13]. For the ease of 
explanation, the uncut chip volume is modeled in a 
CAD/CAM software and the chip thickness is 
determined at prescribed immersion angle ߮  along the 
cutting edge. 
 
 
Fig. 5. Schematic diagram of uncut chip volume and thickness 
calculation. 
3.3. Cutting force model  
The basic form of the cutting force model for the thread 
milling operation is formulated as in Eq.(6) according to 
Jacobs [14]. 
ܨ ൌ ܾ ή ሺܭୡ ή ݄ ൅ ܭୣ ή ݎ௡ሻ (6) 
where ݄, ݎ௡ are the uncut chip thickness and the cutting 
edge radius, and ܭୡǡ ܭୣ  are specific cutting force 
coefficients. 
However, the chip thickness h is not constant along 
the tool axis, but varies at prescribed ߮. Therefore, the 
tool body is sliced with equal distance dz in order to get 
a disc with the thickness Δz and the corresponding radius 
r(z) at each height z (refer to Eq.(4)). Thus, in each disc, 
one gets the constant chip thickness h(z,ɔ) which is 
determined by the uncut chip volume per tooth in 
Section 3.2. 
 
 
Fig. 6. Force vector decomposition in coordinate system П. 
The cutting force at prescribed ɔ is comprised of the 
force components affecting the n (=ap/Δz) discs located 
in z א (0,ap) which can be expressed in Eq.(7) (see Fig. 
5): 
 
൭
ܨ௧
ܨ௥
ܨ௔
൱ ൌ
ۉ
ۈۈ
ۈ
ۇ
෍ ߂ܨ௧௞
௞ୀ௡
௞ୀଵ
෍ ߂ܨ௥௞
௞ୀ௡
௞ୀଵ
෍ ߂ܨ௔௞
௞ୀ௡
௞ୀଵ ی
ۋۋ
ۋ
ۊ
 
where 
ቌ
߂ܨ௧௞
߂ܨ௥௞
߂ܨ௔௞
ቍ ൌ ቌ
߂ܾ ή ሺܭ௧௖ ή ݄ሺݖ௞ǡ ߮ሻ ൅ ܭ௧௘ ή ݎ௡ሻ
߂ܾ ή ሺܭ௥௖ ή ݄ሺݖ௞ǡ ߮ሻ ൅ ܭ௥௘ ή ݎ௡ሻ
߂ܾ ή ሺܭ௔௖ ή ݄ሺݖ௞ǡ ߮ሻ ൅ ܭ௔௘ ή ݎ௡ሻ
ቍ, 
ܾ݀ ൌ
ۖە
۔
ۖۓ݀ݖǡ ݂݋ݎ݈݈ܽݎሺݖሻ ൌ ܦʹ ܽ݊݀ݎሺݖሻ ൌ
ܦଵ
ʹ
݀ݖ
 ߦʹ
ǡ ݂݋ݎ݈݈ܽ݋ݐ݄݁ݎݎሺݖሻ  
(7) 
 
uncut chip volume per tooth
chip width Δb
uncut chip thickness h
cutting edge
݇ ൌ ͳ
݇ ൌ Ͳ
݇ ൌ ʹ
݇ ൌ ͵
݇ ൌ ݊
݇ ൌ ݊ െ ͳ
ڭ
݇ ൌ ݊ െ ʹ
rake surface
߮ ൌ ߮ଵ ߮ ൌ ߮ଶ
ΔFt ΔFr
ΔFa
P
ZWP
XWP
YWP
coordinate system П
coordinate system Σ
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After calculating force along the cutting edge in ȫ, 
the local force components are transformed into the 
global coordinate system (workpiece coordinate system 
ȭ) using the transform matrix in Eq.(8) (see Fig. 6). 
 
ࡲ ൌ ቌ
ܨ௫
ܨ௬
ܨ௭
ቍ ൌ ൭
߮ ߮ Ͳ
െ߮ ߮ Ͳ
Ͳ Ͳ ͳ
൱ ή ൭
ܨ௧
ܨ௥
ܨ௔
൱ (8) 
 
3.4. Influence of run-out on feed per tooth  
Commercially-available cutters with multiple teeth often 
expose significant variation in the teeth radial locations. 
This is often due to non-symmetrical forming of the tool 
material, machining tolerance or deformation by 
grinding forces on the continually varying in-process 
tool geometry. For this reason, the chip load on the 
individual cutting teeth varies periodically. One tooth 
cuts more material than another tooth. Therefore, this 
varying chip load affects the cutting forces and can lead 
to premature failure of the cutting edges. 
The theoretical feed per tooth fz is constant for any 
tooth. However, if the run-out error exists because of 
variation of radius ri for the i-th tooth, the feed per tooth 
should be adapted for the i-th tooth, which is described 
as in Eq.(9). 
௓݂೔ ൌ ௓݂ ൅ ሺݎሺ௜ାଵሻΨ௡ െ ݎ௜Ψ௡ሻǡfor i = 1,2,..,n (9) 
where the operator %n is the modulus of n. 
4. Experiments 
4.1. Modeling of the cutting edge  
Experiments were conducted to verify the feasibility of 
the proposed thread milling force model; a building 
block with 40x40x15 mm3 was prepared. The workpiece 
material was brass CuZn37 [15]. A carbide thread 
milling cutter with two flutes, a diameter of 18 mm, a 
pitch of 3 mm, and a nominal helix angle λ of 15°, was 
used for testing. The tool axis was fixed perpendicular to 
the upper side of the block (see Fig. 7). It moved 
horizontally with feed vf = 600 mm/min. 3 indentations 
were engaged simultaneously and the radial depth of cut 
was taken with 1.6 mm. A KISTLER multi-component 
dynamometer type 9129AA was mounted between the 
workpiece and the machining table to measure the 
cutting forces in the cutting process. The spindle speed 
was kept constant at 3000 rpm. Two different machining 
strategies, i.e. climbing and conventional milling, were 
tested under the same cutting conditions.  
 
Fig. 7. Schematic diagram of cutting conditions. 
For the tool and workpiece combination, the specific 
cutting force coefficients Ktc, Kte, Krc, Kre, Kac, Kae were 
estimated from a series of cutting experiments. 
4.2. Cutting force prediction 
The measured and simulated cutting forces during a 
rotation for conventional and climbing milling are 
plotted in Fig. 8 and Fig. 9, respectively. The solid 
curves indicate the measured cutting forces and the 
dotted curves indicate the simulated cutting forces in 
XWP, YWP, ZWP directions in the workpiece coordinate 
system.  
As shown in Fig. 8, the predicted cutting forces and 
the measured forces show quite good agreement in both 
shape and magnitude. Furthermore, the uneven 
distribution of maximal cutting forces for each flute, 
which is caused by the run-out errors, is well reflected 
with the proposed force model. 
 
 
Fig. 8. Comparison of experimental and simulated cutting forces 
during conventional milling. 
Fig. 9 shows the comparison of experimental and 
simulated cutting forces during climbing milling. In this 
case also the cutting force distribution is also well 
predicted during a tool rotation. It is noted in Fig. 9 that 
the x, y components of forces in both cases are 
underestimated. This is because the run-out errors are 
Tool:
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Carbon carbide
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FOTO Nr.24
vf
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ap = 9 mm
fz = 0,1 mm
n = 3000 rpm
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0
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measured on specific measurement equipment separately. 
It is recommended that the run-out errors be measured 
on the machine tool directly prior to the real cutting to 
get rid of any kind of interference factors. 
 
 
Fig. 9. Comparison of experimental and simulated cutting forces 
during climbing milling. 
In general, the validity of the proposed approach for 
the cutting force model of thread milling operation has 
been confirmed by the experiments. 
5. Conclusion  
In this paper, mechanistic cutting forces for thread 
milling are predicted. The force model is composed of 
surface and edge-force components. The cutting edge is 
modelled as realistically as possible from the edge 
geometry of the milling cutter including the helix angle 
and tooth profile. 
To determine the specific cutting force coefficients for 
surface and edge-force components, the cutting forces 
are measured with a dynamometer along a horizontal 
linear tool path and compared with the calculated force 
by means of the exact uncut chip thickness which results 
from the modelling of chip volume per tooth at a 
prescribed time on the thread milling cutter. The run-out 
errors are also considered to estimate the uneven cutting 
force distribution for each tooth. The measured cutting 
forces for the brass workpiece material for a linear path 
shows very good agreement with the simulated cutting 
forces. The results indicate that the proposed cutting 
force model for thread milling can be used in order to 
increase the productivity in practical application.  
The novel methodology of adjusting the cutting force 
by prevailing cutting tools undergoing helical motion is 
to be integrated into CAM systems. 
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